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There are three classea of faint blue variable stars: the ZZ Ceti

variables (DAV degenerate dwarfs), the DBV variables (DB degenerate

dwarfs), and the iW Vir variables (DOV degenerate dwarfs). None of

these claeees of variable stars were known at the time of the last

blue star meeting. Observational and theoretical studies of the ZZ

Ceti variables, the DBV variables, and the GWVir variables have shown

them to be pulsating in nonradtal g-modes. The cauae of the pulsation

has been determined for each class of variable star and, In all cases,

also involves predictions af the stars envelope componltion. The

predictions are that the ZZ Ceti vartahlea must have pure hydrogen

wrface layers, the DBV stars must have pure helium surface layers,

and the bd Vir nt~rs muet have carbon and oxygen rich surface layern

with lesn thn MM (by mu~s) of helium. Ctven these compositions, it

111 fnund that pulsstion driving occurn mm a renult of the kappa and

Unmma effectn operating in the partial ionizntlon zones of ●ither

hydrogen or helium. [n ndditlon, a new driving mechaniem, called

convrctlon hlocklng, also occurs in these variableo. For the GWVir

vnri~blen, lt lH the knppn and ~amme effecte in the parthl Lonizmtlon

reg!,ono of carbon und oxygen.
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(Greenstein 1982). Their gravities are ’108 cm s
-~

Implying a mass

of 0.6M0. The DB variables lnhabtt a hotter ins:ablltty strip with an

effective temp’<rature of ‘25,0[)OK and che boundaries of the

instability strip are not well known. The GWVlr variables are much

hotter witi, ?e ‘105K. Their atmospheric composition has not, as yet,

been determined. While they show no evidence for hydrogen in their

fitmonpheres, they are too hot to get an upper limit to their hydrogen

abundance. They show lines of helium, carbon, and oxygen and their

ultraviolet spectra ahow numernua metaL lines. one member of thie

clase ie the central etar of a planetary nebula (K1-16) and al. of the

evidence indicatce that the other membere of the clams were planetary

nebula central starn in the recent past.

There have been u nllrnber of revlewe of the properties of tk,~ee

vnrlnble ~tnrs (Vi{n Hotm 1980; Wlnget nnd Fontaine 1982; Van Horn

1984; Cox 19M; WinRet 19fM; Starrfleld 19f17) eo that in this paper I

will mmlnly dlHcuHM the recent resilltu.

2. THE XZ CHT[ VARIAIILR?



warner and Robinson (1972) suggested that these stars ~ust be

pulsating in nonradial g modes since these were the only (etther

nnnradial or radial) modes that had periods long enough to agree wtth

the observations. Over the next few years, the Texas group came to

the realization that there was an Instability strip for DA dwarfs in a

color interval .qround B-V-0.2. Later Greenstein’s (1982) MC5P colors

showed that they lay in the interval -0.41 < g-r < -0.29 (see also

Green, Schmidt, and Leibert 1986). As a result of the searches of DA

dwarfs in this color interval, there are currently at least 20 known

22 Ceti stars which makes them one of the most numerous classes of

variable atmr~ tn the galaxy (Winget 1986; Vauclatr, Chevreconp and

I)olez 1987).

Ilowevcr, [t was not until the late 1970’s that serious progress

wns mmie in ldentlfylng the puLmntton driving. Starrfield, Cox, and

Ilorln[)n (1979) IISULI mmlcrn opacity tnhles find the linear, nonmdtnhaticp

r;idllil pul~i-ition code of Cimtor (1971) to investigate DA envelopes for

ln~tnhllitlu~. Although they were ~ucceaoful and found that the

eavelopes were unntmble to radial pulnationn with very short perlodsl

they used unrcmlinttc componittons. They later reclld these studies



Meanwhile, Saio and Cox (1980) had developed a new numerical

technique for the rapid analysis of the effects of linear, nonradial,

nonadiabatic perturbations on stellar envelopes . Winget, et al.

(1%1, 1982) applied this technique (see also Dolez and Vauclair 1981

and Starrfield, et al. 1982) to a variety of stellar models . All of

the above authors chose a mass of 0.6M0 and effective temperatures and

luminosities in the range of the ZZ Cett instability strip (See Winget

and Fontaine 1982, Van Horn !984, and Winget 1981, 1986). As

summarized in Winget (1986): they found that the pulsations of the ZZ

Cet~ variables were caused by the partial !onization of hydrogen near

the stellar surface and attributed the basic physical mechanism to the

kappa and g~mma effects operating near the base of the surface

convective zone. They also found that there was an upper limit LO the

~mount of mass of the hydrogen ~urface zone of 10-8M0. If the surface

hydrogen zone was more massive tlu+n this, the models were ~table.

This prnducvd ii stlmong disagreement with evolutionary c,l:cuLacions

which predicted 6urface hydrogen ma~ses of order 10-4M0 01 larger for

aLl white dwarfs ([hen and Tutukov 1984). An attempt to resolve this

contro~~ray was made by Michaud nncl Fontaine (1984) who proposed that

chemical dlFf!wlon of hydrogen into the deep Lnterior could burn the

l]ydrogcn ,~nd reduce tte abundance significantly below the evolutionary

V,TLue . Further work on r.hls Hub.lect Ims been done by Then und

Nacl)orl~ilrl (1985, 19}16).



variables. This prediction was borne out by the discovery by Winget,

et al. (1982) that GD 385 was a pulsating variable star. Since that

time three more such pulsators have been discovered (Winget 1986).

Nevertheless, the disagreement between pulsation and evolution

theory was so severe that it seemed Important to redo the work of

Winget, et al. Such a study has now been done by Cox, et al. (1987)

who used both the Saio and Cox (1980) code and a new Lagrangian code

developed by Pesnell (1987). Although the qualitative agreement

between the two codes is not terribly good, the quelttative results

are in good agreement. They find a blue edge at about 11,500K for

models which assume very effLcient convection: l/h ‘2 co 3. The blue
P

edge does not depend on the amount of hydroRen envelope mass and, in

fact, -4
stellar models with Me=10 M. are pulsationally unstable. This

completely ~memoves the theoretical discrepancy between the evolution

/lnd pulsnt[on calculnttoas .

Another important result of Cox, et al. IB that one of the causeq—,

of the instability is neither the kappa nor the gamm mechanism,

re~ulting from the partial ionization of hydroger,, but is i? new

physicnl effect which they call convection hloskl.ng. “[n cs~ence, tile

lnternctton of pulsation nnd convection can act to block the flow of

energy In Ii ~’omprcs~ton or rel.en~e It [u nn expansion just like tllu

norm~l knp~a nnd ~nrnmm mechanisms . The stron~cst evitlencd f~r LIW

exlstcncc i)f tl\lM new mechanim 1s thnt the pulsntlon driving In the

(~nvell>pe~ ;I]wnyr3 OCCIIrH Ilt tile hnttom of the collveut[ve region cvc!ll
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when the temperature Ehere exceeds 105K,

hydrogen pulsation driving. At the blue

and the kappa and gamma effects are both

which is much too hot for

edge both convection blocking

operating. Unfortunately,

this means that a correct theory of the 22 Ceti instability strip

awaits a time dependanc pulsation-convection theory. They also found

that this same mechanism

calculation but was not

was occurring in all of the previous

interpreted correctly.

Finally, Cox, et al. alao redid their analysis of the radial

tnatabllity in the 22 Ceti variables and again found chat these scars

were unstable to high order radial modes with periods oi less that a

wcond. As for the nonrmlial modes, driving wae caueied both by

convection blocking and also the kappa and gamma effects. At this time

no star has been found to be pulgatlng In radial modes (Robinson

1985). Cox, et al. ~peculate t~,at the interaction between convection

tind p~llsntton may be responsible for stabilizing these atara.

3. THE PULSATING DB STARS

CIlrrently tl~ere are 4 k:,own pulantors with pure helium

ntmoMphereM (Wlnget 1986) nnd their dlacovery 1s a direct result of

the theorctlcnl predlctfona of Wlnget (1981). Both ultraviolet and

optlr,nl ntmospherlc nnalynes h.Lve

the ln~t:lhlllty ~trlp rnn~en from

to ;Ihout 2H,lN10K (I,lvbort , et iIl.—.

hcen performed on these Ht:~ra nnd

an effective temperature of 24,000K

19f16; ■ However, thu houndfirlc~ ;ire



rather uncertain and probably could vary by as much as 2,000K

(Liebert, et al. 1986). Koester, et al. (1985) find a somewhat cooler

instability strip.

Theoretical analyses rf these srars have been performed by Winget

(1986) and by Cox, et al.(1987). These two groups are in essential

agreement but with some of the same differences in interpretation

already mentioned for the 22 Ceti variables. Just as in the 22 Ceti

variables, they find that driving occurs at the bottom of the surface

convection zone and attribute it to the effect of convection blocking.

‘L’he cauee of instability is ultimately the partial ionization region

of helium and hydrogen cannot be present In the driving region to

rather stringent limits because hydrogen can easily poison the

pulsations in this temperature range. If there were any hydrogen it

would float to the surface on a rather rapid time scale. Cox et al.

also proposed that some DAV appearing stars might be found in the DBV

Instability strip. They would have a very thin layer of hydrogen

overlying the deeper helium layers. It was also found for these

variables that very efficient convection waa necessary in order for

the observed instability strip to agree with the theoretical

instability strip. In fact, Cox et al. found that they had to aaaume

l/h p ‘3 in order to obtain a blue edge ‘27,000K.

4. THE GW VIR VARIA!lLf?S



The first member of this class of variable stars was discovered

at the ~ by McGraw and Starrfield (McGraw, et al. 1979]. It was

found to be ~ulaating in a number of modes with periods around 500

seconds. Spectroscopic studies showed no evidence for any hydrogen in

the atmosphere, g ’107 to 108 cm s -2
, and that its effective

temperature exceeded 105K. This estimate of its temperature was later

confirmed by Exosat studies (Barstow, et al. 1986). In other studies,

Winget, et al. (1985) have measured a period change in GU Vir of

-2.34 X 10-14 s/s. This has now been interpreted by Kavaler, Hansen,

and Winget (1985) as caused by a shrinking, rotating star pulsating in

a low order 1=3 mode (1 is the number of node lines on the surface).

-1.
They obtain a rotation velocity of ’35 - 50 km s which d~s not seem

unreasonable for a white dwarf. Kawaler (1986) has done an analysis

OF the period spectrum of GWVir and findp 8 periods are present and

that P. 1S either 8.8 s or 21.1 s. Since P. depends on 1(1+1), this

star is pulsating in either the 1=1 or 1=3 mode.

Other pulsating members of this class have been discussed by

Grauer and Bond (1984) and Bond, et al. (1984). The most luminous

member of the class is the central star of the planetary nebula K1-16

and it has a lower gravity thwn the other members of the class. In

addition, it IS pulsating at periods of ‘1700 sec which are much

longer than tho~e found in GW Vir. Kawaler, et al. (1986) have

investigated K1-16 for the ●psiLon mechanism but find that although an

ln~tabil{ty existn, the periods nre too short to agree with those

r)bscrved in K1-lfI or the other GW Vir variables.



Starrfield, et al. (1983; 1984; 1985; 1987, in preparation)

identified the pulsation driving mechanism as the partial ionization

of the last two electrons of both carbon and oxygen. Both the Saio

and Cox (1980) and the Pesnell (1986) codes have been used to analyze

stellar envelopes in the effective temperature range from 70,000K to

150,000K (and hotter). The mass of the star was assumed to be 0.6M0

and the composition of the envelope was assumed to be either half

helium and half carbon (by mass), pure carbon, half carbon and half

oxygen. 90% oxygen and 10% carbon, o: various combinations of helium,

carbon, and oxygen. They found instability strips for these stars in

the abcve temperature range. They also predicted that if GW Vir were

as hot as suggested by the Xray observations, then a significant

amounr of oxygen was required at the surface in order for it to

pulsate. This prediction was confirmed by Sion, Liebert, and

Starrfield (1985) who obtained spectra in the optical ultraviolet for

GW Vir, and two other C’WVir stars, and found oxygen absorption lines

present in the spectrum. The actual abundance of oxygen is unknown

since, as yet, no abundance analysis has been done for these stars. A

recent study of K1-16 has found oxygen lines present in the ultra-

violet spectrum but they are in emission since it is the central star

of a planetary nebula and 1s still (possibly) losing mass.

Starrfield et al. (1985; and in preparation) have also done a

linear, nonadiabatic, nonradial &nalysis of KI-16 and found instabil-

ity strips for this star at high luminosity. They used the same

compositions and stellar maSS as in the GW Vir studies but assumed



that the star was on che high luminosity part of the evolutionary

track to the white dwarf region of the HR diagram and that it was

evolving rapidly to higher effective temperatures . In order for K1-16

to be pulsating at periods of ‘1700 sec it must have Te - 130,000K.

Unfortunately, the temperature range of the instability strip is very

broad and it will be impossible to predict the effective temperature

from the theoretical analysis. They have also studied ❑odels with

different masses and find reg!.ons of instability ranging fron

‘120,000K to more than 200,000K. There is no overlap in the periods

of the unstable modes for models with different luminosities.

Finally, in a recent study Starrfield, Cox, and Pesnell (1987, in

preparation) have analyzed a series of 0.6M0 models with surface

compositions of various amounts of helium plus e Iual amounts of carbon

and oxygen. They find, for Te ‘90,000K to 100,OOOK, that if there is

more than 30% helium by mass, the stars will be stable. The number of

unstable modes increases as the amount of helium Increasea .

5. CONCLUSIONS

The observaLlonal studies of these stars have shown both that

they are pulsating in nonradial g modes and these modes are of low

order in 1 (the number of node llnes on the surface) and high order in

k (the number of nodes in the radial elgenvector). The principal



argument in favor of these conclusions is that the periods calculated

for stellar models in the observed temperature range are quite close

to those that are observed. These ron.iusions will be strengthened

when there has been a successful mode identification.

The discovery and analysis of these stars has ❑arkedly improved

our understanding of the last stages of evolution of stars like the

sun. In order to analyze Lhese stars and demonstrate that they are

pul~ating in nonradial modes, it wa~ necessary to develop new cumer-

ical teehnique~ and use the latest stellar opacitiee and equations of

state. In addition, Ln order to improve the correspondence between

theory and observations it was necessary to apply diffusion theory to

the outer envelopes of DA white dwarfs. Now it appearai that a time

dependar,t theory of the interaction between convection end pulsation

will have to be developed in order to determine the theoretical

boundaries of the ZZ Ceti and DBV instability strips. Finally, it IIS

already clear that the existence of these variables in the observed

temperature range requires that convection be very efficient.

The theoretical analysis of these stars has provided us with two

new pulsation driving mechanisms . In the case of both the 22 Ceti ar.d

DIN/ variables lt is ‘tconvertion hlnckingtl which occurs aa a result of

the internctlon between convection and pulsation. Detailed unalysls

of the driving regions in both claasee of variables shows that

convectlorr cnnnot adjuet instantaneously to either a compression or an

expunslon nnd the re~ult 1s a blocking or relenee of eneLagy out of



.

phaae with the envelope motions. This is analogous to the normal

kappa and gannna mechanisms which operate In the Cepheida or RR Lyrae

variables but in their case it is the partial ionization of hydrogen

and helium that excites the pulsations.

In the case of the G’WVir variables it 1s the action of a kappa

and gamma mechanism that drives the pulsations, but fcr these variab-.

le~ it ie the pertial ionization of carbon and oxygen ac very near the

stellar sulfate that causes the pulsntional instability and evidence

has now been obtained that these stars have oxygen present at the

surface. This implies that these stars have probably suffered a great

deal of mass lose in order for them to have eliminated their entire

hydrogen and most of their helium burning layers. 9

‘l’he pulsat~onal analyses have placed these stars in regions of

the HR diagram where evolution is proceeding verv rapidly. In fact, a

period change has already been measured for GW V~r and the value. i~ as

predicted for pent planetary nebula stars that have just evolved onto

a white dwarf cooling curve. The observed value of the period change

can be explained by a rotating, cooling star with Te ‘105K. The

central star of the planetary nehulu, KI-16, ~hould he cvolviIIg more

rapidLy thun GW Vir and efforts to measure a period change in this

star are lu pL’ogresH but ure hampeL”ed by the fuct th~t Che period is

changing Be rapidly that it mny not he poeeibl~ to match oh~ervntlons

from one semen to unother (Crauer, et u1. 1986).



Finally, the observations OF these stars show that there is

helium present in the surface layers. The fraction of helium cannot

exceed about 30% by mass, otherwise the stars cannot pulsate.

However, with time the helium will float to the surface and halt the

pulsations. Nevertheless, as the ~tar cools it will pass through the

DBV instability strip and again become a pulsating variable star.
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Bell, S. Colgate, A. N. Cox, and J. Norman for the hospitality of the
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